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Abstract 



> 

O , 

, In the AdS/CFT correspondence the boundary Ward identities are encoded in 

the bulk constraints. We study the three-dimensional version of this result using 
the Chern-Simons formulation of gravity. Due to the metric boundary conditions 
. the conformal identities cannot be derived in a straightforward way from the chiral 

ones. We pay special attention to this case and find the necessary modifications to 
the chiral currents in order to find the two Virasoro operators. The supersymmetric 
Ward identities are studied as well. 



1 Introduction 



>< 

• One of the most studied examples of the AdS/ CFT correspondence is the relation between 
^ three-dimensional gravity with a negative cosmological constant and two-dimensional 

Conformal Field Theory. Even before the AdS/CFT was discovered, Brown and Hen- 
neaux found a deep connection between 3d gravity with anti-de Sitter boundary con- 
ditions and the 2d centrally-extended conformal algebra. This connection was then refor- 
mulated in |2] as a relationship between three dimensional gravity and Liouville theory 
(and generalized in [H] to supergravity). Within the AdS/CFT correspondence one can 
understand this result as a relationship between fluctuations on the AdS background (the 
Liouville field) and vacuum expectation values of the 2d CFT. 

It is unfortunate that quantum Liouville theory is not fully understood. There are 
questions one can ask at the gravity side which do not yet have an answer within Liouville 
theory, e.g., the black hole microstates (see, for example, 0). Whether or not Liouville 
theory encodes the necessary information to answer all questions related to 3d dimensional 
quantum gravity is still not known. See [H] for a recent discussion on Liouville theory. 

The relationship between 3d gravity and Liouville theory discovered in j2] is based 
on the fact that three-dimensional gravity does not have any local degrees of freedom. 
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Using the relationship between Chern-Simons and WZW theories [HI El together with the 
Hamiltonian reduction technics 0, it was shown in j2j that the (local) relevant dynamical 
information is encoded in the Liouville action. From a Hamiltonian point of view, the 
Liouville field describes those "would-be-trivial" degrees of freedom associated to diffeo- 
morphisms which preserve the boundary conditions, but have non-zero generators jH]. 

On the other hand, in the general AdS/CFT correspondence [Till ITT| IT^ the CFT 
correlators are computed directly from a classical action on the AdS background. In 
particular, if one is interested in correlators involving the energy-momentum tensor, the 
needed action is precisely the (renormalised) gravity action Iren[9ij\ = W[gij] as a function 
of an arbitrary induced boundary metric gij which acts as a source in the CFT. Performing 
a near boundary analysis the needed divergences and counterterms can be identified, and 
Vrff^jj] can be constructed explicitelvfT^. 

The AdS/CFT correspondence establishes also a relationship between the CFT Ward 
identities and RG equations with the bulk equations. The radial ( "evolution" ) equation is 
associated to the CFT renormalization equation, while the constraints to Ward identities 
|141 [T31 [W\ . This relationship becomes particularly nice and clear in three-dimensional 
Chern-Simons gravity. In fact, it has been known for a long time |T71 ITHl ITU] that a 
two-dimensional flat SL{2, 3?) current encodes the Virasoro Ward identity, and this result 
fits quite naturally within AdS/CFT. In this paper we shall put these results in the 
AdS/ CFT context. Just as a single SL{2, 3?) field contains the Virasoro Ward identity, the 
SL{2, 3?) X SL{2, 3fJ) theory contains the conformal identity. However, the construction is 
slightly more complicated because the boundary conditions couple the left and right gauge 
fields. We shall see that the AdS/CFT prescription provides a natural reason to decouple 
both sectors leading to the conformal identities. We shall also see that the AdS/CFT 
classification of the gauge field components (leading, first subleading and subleading) 
provides a natural, and free of ad-hoc assumptions, derivation of these identities from the 
bulk constraints. 

The paper is organized as follows. After a brief introduction to the Virasoro Ward 
identity and Polyakov's action, in Section 2 we analyze the bosonic conformal Ward 
identity, derived from AdS^/CFT2. In section 3 we consider the Osp(2, 1) x Osp{2,l) 
theory and find the superconformal Ward identities. Finally, we also consider the extended 
models in the chiral case. 



2.1 The Virasoro Ward identity 

Let us start by recalling that in bosonic case the generator of energy-momentum tensor 
correlators, W^[(7], is given by Polyakov's non-local action 



2 Bosonic AdS3/CFT2 




(1) 
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where c is the central charge. The derivation of this functional from AdS/CFT was 
studied in [201 (see also [21 )■ Polyakov's light cone gauge 



ds = dzdz + h{z, z)dz . (2) 

the metric has only one independent function h{z, z) and one defines T = 6W/Sh. Then, 
directly from the trace anomaly and conservation of T*-' it follows that T satisfies 



dT = -^d^h + 2dhT + hdT (3) 

which is known as the Virasoro Ward identity. 

This relation is contained in a fiat SL{2, 3?) 2d gauge field as follows 17 . Consider in 
two dimensions the gauge field A = A^dz + A^dz with the following particular values 



■4.= . A,^n LI (4) 





All functions T, a, (3, /i are functions of z and z. The flatness condition Fzz = dAg — dAz + 
[Az, Az] = implies 

a = ^dfi (5) 

P = l^iT-^^'^^ (6) 

BT = /i^T + 29/i T - |(9V (7) 

We recognize the third equation (0) as the Virasoro Ward identity with c = 6k. 

Since three-dimensional gravity can be formulated as the difference of SL{2, 9?) Chern- 
Simons actions[22] it is hardly surprising that, within AdS/CFT, the Virasoro Ward 
identities will arise through this mechanism. Actually, the relationship between SL{2, 3?) 
Chern-Simons theory (from where the constraint Fzz = can be derived) and the 2- 
dimensional action (P) was studied in detail in [TO], almost ten years before the AdS/CFT 
correspondence became available. A similar idea was applied to W-giavitj in |23j. Our 
goal in this paper is to put some of the results of [12] in the AdS/CFT perspective, 
clarifying some issues, for example how to deal with the second SL{2, 3fJ) field, and to 
extend them to supergravity. 

We shall see that the AdS/CFT correspondence provides a natural interpretation on 
why the above mechanism works. In particular we shall see that fi enters as the source 
associated to T, a is a subleading term related locally to the source, and /3, T are non- 
local, as in ((7j). We shall also extend this mechanism to the non-chiral case, which is not 
trivial due to the boundary conditions on the metric. 
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2.2 Classical three-dimensional equations and the Conformal 
Ward identity 

We start by writing the solution to the three-dimensional gravitational equations in the 
Fefferham-Graham (FG) form. In this paragraph we follow closely [21]. 

Let A and A be two SL{2, 3?) fields related to the triad and spin connection in the 
usual way 

A = w + e, A = w-e (8) 
The solution to the equations of motion can be locally written as 

A = g~^dg, A = h'^dh (9) 

for arbitrary group elements g and h. Since ^ is the most general local solution to the 
equations of motion we should be able to find the Fefferham-Graham (FG) j2Sl expansion 
for the metric by manipulating ©. Incidentally, we recall that, in three dimensions, the 
FG expansion is finite and has only three-terms [201 (see [21] for a different formulation 
of this fact). 

The FG expansion makes use of a choice of coordinates, namely, g^i = 0. Our first task 
is then to write the solutions to the equations of motion Q in a way consistent with the 
FG expansion, and coordinate choice. As shown in [21] the FG expansion is implemented 
in the Chern-Simons formulation by writting the fields in the form, 

A{x, r) = e-'^' A{x) e^'^^ + drJ^ (10) 
A{x, r) = e''^'' A{x) e-""^' - drJ^. (11) 

where A{x) = Ai{x)dx^ and A{x) = Ai{x)dx^ are both (2, 3?)— valued connections 
defined on the surface at fixed r. The radial dependence is then explicitly factor out as a 
gauge transformation. The fields A{x,r) and A{x,r) will satisfy the equations of motion 
provided A{x) and A{x) are both flat. 

The fields A{x) and A{x) are in the SL{2, 3?) algebra and we can expand them in the 
basis J^, J^, Js, namely, 

A{x) = A+{x)J+ + A-{x)J. + A%x)J3 (12) 

and similarly for the other copy. Replacing these expansions in (llUllip . and using 

e"'''^^ J±e''"^3 = e^'' J±, we obtain, 

A{x,r) = {dr + A%x))J3 + e-''A+{x)J+ + e'A-{x)J^, (13) 
A{x,r) = {-dr + A^{x))J3 + e' A+{x)J+ + e-'' A-{x)J_. (14) 

We now see that the different components of A{x) and A{x) appears multiplied by 
different powers of e*". In the limit r — > oo, this expansion assigns A~ the role of leading 
term ("source"), A^ the next to leading term, and A'^ as the subleading term, which will 
be non-local in the source. The expansion has only three terms as anticipated previously 
|20j . A similar analysis holds for A. 
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Let us now compute the corresponding three-dimensional triad [21] 



dr + 1(^3 - A')^ J3 + le'^iA-J- - A+J+) + ^e-'{A+J+ - A-J_). (15) 

Since A{x) and A{x) are forms on the 2-surface, this vielbein does not have the FG form. 
In fact the metric gfj,u = e."" yTjah will have a piece of the form dr{A\ — ?^)dx\ In order 
to conform with the FG choice of coordinates we need to impose the extra boundary 
condition [21] 

A^{x) = A^{x). (16) 

This condition turns out to be the key input in order to find the Virasoro Ward identities, 
including the supersymmetric ones. In particular, we stress that it is not correct to 
impose = and A? = separately, as one would naively conclude from Only their 
difference has to be zero, and this condition follows in a natural way from the FG choice 
of coordinates. 

Summarizing, we have two SL{2, 3?) connections A and A defined on the surface at 
fixed r. They are completely arbitrary except for the condition (fT^ . Now, the different 
components of A and A play different roles within the AdS/CFT prescription. The 
leading components, A~ and A"*", are fixed and represents the sources for the corresponding 
CFT operator, analogous to gifi)ij in the metric FG expansion. The other components are 
expressed in terms of the fixed components A~ and A"*" via the equations of motion. Some 
of these relations are local, and others non-local. The 1-point functions will be related 
non- locally to A~ and A"*". 

The sources A~,A^ are arbitrary and we can consider particular values for it, if we 
only want to turn on some particular operators. For example, Polyakov's light cone gauge 
([21) leaves enough information to find one copy of the Virasoro algebra. We would like to 
consider here a more general situation in which both copies of the Virasoro algebra arise 
simultaneously. To this end, we choose complex coordinates z and consider boundary 
metrics having two Beltrami parameters, 

ds^^Q-^ = \dz + iJi{z^z)dz\^ . (17) 

The appropriated bulk gauge field that has as leading term the metric ()17p . and fulfills 
([ini), is 

Mz,z) = 

Here all functions depend on z, z. fi and /2 are the sources; they enter as the leading 
terms when p8ll9|) are replaced in the expansion ()10lll|) . All other components become 
functions of fi and fl via the equations of motion. 




ij/2 




7 


-uj/2 


co/2 


1 


f'/k 


-uj/2 
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The bulk constraint equations F = dA-^—dAz + [A^, A-^] = (and similarly for F = 0) 
imply the following relations, which can be understood as the non-chiral version of (|7j). 



UJ = 




(20) 


Co = 




(21) 


7 = 


^{du -duj) + fiT'/k 


(22) 


7 = 


^{du!-duj)+fif'/k 


(23) 


dT'/k = 


dy + ujy — ojT' / k 


(24) 


df'/k = 


d5-uo5 + uof'/k 


(25) 



As anticipated previously, uo and uo can be expressed locally in terms of the sources 
and /i by solving ()20I21|) . Incidentally, we mention that the 1-form w = uodz + uodz turns 
out to be the spin connection associated to the metric (fTTj) . equations (j2(JII21|) are the 
corresponding torsion free conditions, and 

R = dw (26) 

becomes the two-dimensional curvature. 

The functions 7 and 7 can also be eliminated algebraically using (j22l23p . although 
they depend on T' and T" which are non-local in the sources. 

Finally, by analogy with (|7j), one would expect Equations ()24I25|) to give two copies 
of the Virasoro Ward identity. To see this, however, one needs to add the following local 
pieces to T' and T" (19] . 

T = T' + ^i^-u' + du;), (27) 

T = T' + ^i^-uj'-dco). (28) 

It is direct to see that T and T satisfy the correct Ward identities 

dT = ~d^fx + 2{diJ.)T + fidT (29) 

dT = -^d^jL + 2(dTl)T + jLdT (30) 

Summarizing, we have shown that the constraint equations of three-dimensional grav- 
ity contain the conformal Ward identity. It remains to prove that the combinations T 
and T represent the 1-point functions in the presence of the sources fi and ft. 

2.3 The action and 1-point vacuum expectation values 

In order to prove that T and T are the correct 1-point functions we need to consider the 
renormalised 3d action written as a function of the sources /i and /2, /i], and check 
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that 

T = -2J^y^\ f = -2J-^^. (31) 

Three-dimensional gravity is given by the difference of two Chern-Simons actions I[A, A\ = 
I[A] - I[A] with I[A] = [AdA + We then start by looking at the on- shell 

variation of I[A, A], 

SI\A, A] = -— I {A5A - A5A) (32) 

AtX JdM 

(Here we have omitted the terms that vanishes when the equations of motion hold.) 
Replacing here the asymptotic form of the gauge field (jlOllH) and ()22I23|) we obtain the 
finite result 



6I\A, A] = -— f ( r5/i + T'6ji + -6R 

2TC JdM \ 2 y 



(33) 

where R = dw is the two-dimensional curvature (see ()26p). This is almost what we need, 
i? is a local function of the sources that can be added (with the opposite sign) to I[A, A], 
as dictated by the Dirichlet problem with n and p, fixed. However, recall that the true 
1-point functions satisfying the correct Ward identities are T,T, defined in fl27|28|l . and 
not T',T'. However, it follows that the term which transform {T',T') into {T,T) in 
is also a trivial local term. To see this consider the following identity 



= {uj6uj — ujSuj) — {ujSuj — ujSuj) (34) 
= (^^^^ + ^A* + (^^^ " ^'P + (dfiuj — &JEJ^ (35) 

To go from to we have used (PT|) and in the first and second terms in (jH^ . 
respectively. We then observe that the first two terms in (j35|) are exactly the local pieces 
added to (T',T') in ()27l28p . multiplied by the variations of the sources. We then find that 
the sum + doSj 5/i + — duJ^ 5/1 is equal to the total variation of a local term 

that we call K[ij,,jj] = Jq^j {pjjLWz — BjlWz^, and hence trivial. Note also that K[jj,,jj] is 
precisely the interaction term, found in which decouples in the Polyakov action the 
actions for and p,. 

In summary, the Dirichlet problem instruct us to consider the improved action (up 
to divergent counterterms which do not contribute to the 1-point function) : = 

I [A, A] + ^ Jgj^j (^R + ^K^ whose variation is given by, 

SWlfi, p] = -— I (rSfi + fSp) , (36) 
2n JdM ^ ^ 

in full agreement with (jSIJ, as desired. 
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3 Supergravity and the Superconformal Ward iden- 
tity 

3.1 Holographic Super Virasoro Ward identities 

We will now generalize the results obtained in the previous section to the super-symmetric 
case. The discussion is generalized to this case with almost no changes. We then only 
briefly state the form of the currents and their Ward identities. 

Three dimensional super-gravity can be recast as the difference of two Chern-Simons 
action for the 0Sp{l\2) group. Let V = A^J^ + x^R± and T = A^J^ + x^R± be two 
05*^(112) connections. The radial coordinate dependence of the connections is given by 
(see (UnEH)): 

r(a;, r) = {dr + J3 + e-'A+J+ + e/A" J_ + e-'-/\+R+ + e'''^x~R- 

f(x,r) = {-dr + A^)J^ + e''A+J+ + e-'A-J_ + e'''^X^R+ + e-^'^X~R- (37) 

Imposing the condition (fTHjl and using (p?7jl to identify the leading terms, we set the 
gauge fields to be: 

Uj/2 27Tj2 2TXt \ 

(x) = I (5 Q (38) 

-e 2-Kt ) 

uj/2 1 \ 
T-,{x) = I f/k -Cj/2 Q/k (39) 
-Q/k / 

where (/x, /i, e, e) are the sources and the induced 2-d boundary metric is given by (fTTjl . 

Solving for a flat connection, F = dV^ — BV^ + [F^, F^] = (and F = 0), we get the 
super- Virasoro Ward identities: 

J-ar = ~^^^l + 2{^^J)T + ^l^T + ^{eQ) + 2{^e)Q (40) 

ZTT 2 

-lag = -kdh + eT + ^{^lQ) + \^^lQ (4i) 

In 2 

-laf = ~d^Ji + 2{dlj)T + JidT + d{Qt) + 2Q{dt) (42) 
in 2 

-lag = -kdH + eT + d{fiQ) + ]-djiQ. (43) 

27r 2 

Here we have made the same redefinition ()27|28|) to go from T', T' to T, T. 

The functions T,T,Q,Q can be identified with the 2-d CFT 1-point functions, and 
they can be derived from the renormalised 3-d super-gravity action written in terms of 
the sources. The action (up to divergent counterterms which do not change the variation) 
is, again, 

iy[/i,/i,e,e1=/[F,r] + A / (R+^K[^^,^]) (44) 

47r JdM 2 





f u;/2 


r/k 


Q/k 


r.(x) = 1 




-uj/2 







{ 


Q/k 







f 00/2 


7 


i; 


r.(x) = 1 


2nji 


-00/2 


27re 




{ -27re 
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whose variation becomes 

5W[yi, fi,e,e] = -^ [ {T6fi + T6fi + 6eQ + Q6e) (45) 
2tt JdM 

as desired. 

3.2 Extended Super Virasoro Ward Identities 

We will now obtain the Virasoro Ward identities in the A/'-extended super-symmetric case. 
In this case, we work with two copies Osp{N\2) super-group. 

The generalization of ()38p allows us to impose on both connections the following 
conditions (we will work here only with the chiral sources /i, ep and set p, = ep = 0): 



r. = ^ujJs + ^TJ+ + J^ + ^QpRi + E''Ba (46) 

r. = ^cuJ3 + lJ+ + f^J^+^pR'+ + epR'L + CBa (47) 

= ^ujJ3 + 6J- + epR'_ (48) 

ff = ^ooJ^ + J^ + ^J^ + XpR'-^ (49) 



where we have imposed the condition (jl6j) . This condition does not affect the SO{N) 
generators, Ba, which are anti-symmetric matrices. 

Solving for a flat connection, we can find the A/'-extended Super Virasoro- Ward iden- 
tities: 

BT = -^d'f^ + difiT) + {dfi)T-7]P'^{^d{Qpe,)-depQ^)-{Xa)%E\pQ, (50) 

BQp = -d\p + d{fiQp) + ^{dfi)Q^ + epT + {X,),p{die''E'^) + E^den (51) 

+W(Aa).p - fl{Xa)apE^Q'' + {K) .p{\)%e^ E^ E' (52) 
BE'^ = dC + rh.E'C + KQ'^efiX^p (53) 

4 Concluding remarks 

We have studied in this paper the relationship between supergravity bulk contraints and 
CFT boundary Ward identities, as predicted by the AdS/CFT correspondence. We have 
concentrated in the AdS^/ CFT2 case and have made use of the Chern-Simons formulation 
for the 3-dimensional bulk supergravity theory. The bulk constraints are then represented 
by the rather simple equation F^z = where F is the associated Yang-Mills curvature. 
The Ward identities are shown to be encoded in this equation, provided the boundary 
conditions for the gauge field (AdS asymptotics in the Feffermam-Graham sense) are 
properly incorporated. 
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We have only considered the saddle point evaluation for the bulk partition function. 
It would be interesting to go further and compute the full path integral, including also 
other insertions. Since Chern-Simons theory has no local degrees of freedom this seems 
feasible. On the other hand, the local group is non-compact, Osp{2, 1) x Osp{2, 1), and 
hence the calculation will be challenging. 

Finally, it would also be interesting to study the generalization of this approach to the 
AdS^/CFT^ correspondence when the bulk action is taken to be 5-dimensional Chern- 
Simons supergravity [2^1 • The holographic energy- momentum tensor for this theory has 
recently been computed in |2Z], following the cohomological methods introduced in j2Hl- 
The associated Ward identities would probe other aspects of the corresponding dual CFT. 
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6 Conventions 



The 0Sp{l\2) group has five generators, three bosonic (which close under SL{2,^) Lie 
algebra) and two fermionic ones. We will use the following representation for the genera- 
tors: 



J4 




J_ 



R 



( ° 





1 





vo 







1 




V2 




(54) 



(55) 



The generators satisfy the following: 

STr{J+J^) 
STr{R±R^) 



1 STriJ:,Js) 
±1 



(56) 
(57) 



The Osp{l\2) group can the generalized to the A/'-extended super-symmetric case, to 
get the Osp{N\2, R) group, whose super-Lie algebra is the following: 

• The three bosonic generators satisfy (which is just the SL{2,R) Lie algebra): 

[J3, J±] = ± J± [ J+, J-] = 2 J3 (58) 

• The internal symmetry group generators (which is the SO{N) algebra) satisfy: 

[Ba,B,] = UcB" (59) 
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where a,b,c = . . . N. 

• The fermionic generators satisfy: 



{Ri,R'i} = -V'"'J3±K{\y^B, 



(60) 



where A" = (A")^ is the basis of the representation and satisfy the relation [A'*, A"] = 
/"^'^Ac, and k is a normahzation constant. 
• All the generators are related by: 
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